We report on the recrystallization of 200 nm thick as-grown Yttrium Iron Garnet ( Y 3.4 Fe 4.6 O 12 ) films on (111) face of Gadolinium Gallium Garnet (GGG) single crystals by post-deposition annealing. Epitaxial conversion of the as-grown microcrystalline YIG films was seen after annealing at 800 o C for more than 30 minutes both in ambient oxygen as well as in air. The as-grown oxygen annealed samples at 800 o C for 60 minutes crystallize epitaxially and show excellent figure-of-merit for saturation magnetization (MS = 3.3 μB/f.u., comparable to bulk value) and coercivity (HC ~ 1.1 Oe). The ambient air annealing at 800 o C with a very slow rate of cooling (2 o C/min) results in a double layer structure with a thicker unstrained epitaxial top layer having the MS and HC of 2.9 μB/f.u. and 0.12 Oe respectively. The symmetric and asymmetric Reciprocal space maps of both the samples reveal a locking of the in-plane lattice of the film to the in-plane lattice of substrate, indicating a pseudomorphic growth. The residual stress calculated by sin 2 ψ technique is compressive in nature. The lower layer in air annealed sample is highly strained, whereas, the top layer has negligible compressive stress.
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INTRODUCTION:
The development of Spintronics into a viable technology requires novel magnetic materials and ferrimagnetic garnets are one such class due to their very low spin wave damping. Yttrium Iron Garnet (YIG) belongs to the garnet family with native structure A3B2(C.O4)3, where, B -octahedral, Ctetrahedral sites are occupied by Iron (III) ions and Yttrium (III) ions occupy the A -dodecahedral site. The garnet Y3Fe2(Fe.O4)3 (YIG) is known for its high Curie temperature (~ 560 K) and its ferrimagnetic behaviour comes from the opposite iron spin orientation at the B and C sites. 1 Since the discovery of this compound in 1956, 2, 3 it remains of considerable scientific interest due to many remarkable properties that it possesses like low spin wave damping (SWD), Faraday rotation (FR), high transmittance for infrared radiation etc., which make it suitable for microwave device applications, magneto-optical (M-O) recording, magnonics, spintronics and caloritronics. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] These properties of YIG can be tuned further by changing the elemental composition, doping, epitaxial orientation, stress engineering and other manipulations. 6, [14] [15] [16] [17] [18] [19] [20] Since for many applications, YIG is required in a thin film form, the growth of high quality epitaxial films of this material has emerged as a major field of research. It is now well established that gadoliniumgallium-garnet (GGG) [space group Ia3 ̅ d(O h 10 ), lattice parameter = 1.2383 nm] is the best substrate for growth of epitaxial YIG films. The parent garnet belongs to the cubic centrosymmetric space group Ia3 ̅ d(O h 10 ), 1 whereas YIG thin films on GGG show tetragonal distortion which may be caused by growth anisotropy and lattice mismatch between the film and substrate. The pulsed laser deposition technique has been used successfully to deposit high quality films of ferrite materials. Generally, the growth of well crystallized films with good ferrimagnetic ordering of Y3Fe2(Fe.O4)3 on lattice matched and other single crystal substrates requires high temperature annealing after deposition. 6, 14, 21, 22 There are some reports on epitaxial growth of asgrown YIG films by pulsed laser deposition (PLD) but the coercivity of such samples is on higher side. 23, 24 Whereas, post-annealing process is helpful to get very low coercivity, which is desirable in spintronics.
In this work, we investigate the effect of postdeposition annealing (in oxygen and air) on the structure and magnetic properties of 200 nm thick YIG films fabricated using pulsed laser ablation on GGG single crystal substrates with (111) orientation. The annealing at 800 o C in full oxygen environment converts the as-deposited, poorly crystalline YIG films to epitaxial single crystal layers. Whereas, a double layer structure formation takes place in films annealed at 800 o C in air. The reciprocal space mapping in both the post-treated samples in symmetric (444) as well as asymmetric (642) directions show pseudomorphic growth. The film tries to mimic the substrate lattice and hence shows tetragonal distortion which further results into a structure under stress. The residual stress measured using sin 2 ψ technique is compressive in the oxygen annealed sample and preferentially in the lower layer of air annealed sample. The upper layer in air annealed sample is however fully relaxed.
Furthermore, the magnetization measurement for oxygen annealed and air annealed samples give MS of 3.3 μB/f.u. and 2.9 μB/f.u. and a reasonably low coercivity of 1.1 Oe and 0.12 Oe respectively.
The stress-induced magnetic anisotropy constant and magnetic anisotropy field were also calculated for both the samples.
EXPERIMENTAL METHOD:
A hard ceramic YIG target was prepared by solid state synthesis with initial powder reactants Y2O3 and Fe2O3, mixed in proper stoichiometric proportion. The mixture was first ground and annealed repeatedly between 700 o C to 1200 o C to get small sized particles of YIG to produce a nonporous target. This powder was compacted to a 2.2 cm diameter pellet by applying 100 MPa pressure and then annealed at 1400 o C for 20 hrs. Smaller pellets were also prepared under identical conditions to confirm the elemental composition and homogeneity of YIG target using energydispersive X-ray spectroscopy (EDXS) and elemental mapping respectively. Powder X-ray diffractometry was performed to characterize the crystalline structure of prepared target using PANalytical X'Pert PRO four circle diffractometer equipped with Cu-Kα1 source (λ = 1.54059 Å). Room temperature Vibrating Sample Magnetometry (VSM) measurements were performed on three different phases of the bulk YIG as well as thin films by using a Physical Property Measurement System (PPMS).
The YIG films were grown by PLD using a KrF Excimer laser (Lambda Physik COMPex Pro, λ = 248 nm) of 20 ns pulse width at 800 o C in 4.0 × 10 −2 mbar Oxygen pressure. The laser was fired at a repetition frequency of 10Hz with areal energy of 21.2 kJ/m 2 on target surface placed at 50 mm away from the substrate. Typically ~ 200 nm thick films were deposited on 3 × 3 mm 2 GGG substrates at a growth rate of ~ 0.074 nm/s. The asgrown microcrystalline films were post-annealed to recrystallize via oxygen and air annealing. In the first annealing approach, the samples were annealed at 800 o C for 30 and 60 minutes in presence of full Oxygen atmosphere (1 atm Oxygen) just after deposition, followed by cooling to room temperature at a rate of 10 o C/min. In the second annealing approach, as-grown films were subjected to annealing at 800 o C for different time periods such as 30, 60, 120 and 240 minutes in air. The YIG/GGG(111) samples annealed at 800 o C for 30 and 60 minutes in ambient air were cooled down at a rate of 10 o C/min, whereas the samples annealed for 120 and 240 minutes were cooled down at a rate of 2 o C/min. Elemental composition and homogeneity of all these films were quantified by performing EDXS and elemental mapping respectively. Reciprocal space mapping was done on both types of films by using the PANalytical X'Pert PRO. Pole-figures were also drawn to see the film texture. The residual stress was determined with basic equation derived from the theory of Xray diffraction. [25] [26] [27] The measurement procedure involved identification of different (hkl) planes such as (444), (422), (642), (640), (420) and (400) by using ψ direction tilt at a fix ϕ. Then the 2θ of a particular plane was set and a slow θ-2θ scan was done to get the corresponding diffraction plane peak. Figure 1 shows the X-ray diffraction profile of powder YIG and subsequent Rietveld refinement analysis of the data. A perfect matching of the The as-grown films appear dark brown presumably due to oxygen deficiency and have a poor crystalline structure. After post-annealing in oxygen or air, these films recrystallize and appear light yellow. Earlier studies have also shown that the as-grown films deposited at 800 o C were annealed in oxygen atmosphere to convert these into epitaxial layers with enhanced magnetic properties. 6, 14, 21, 22 Further, post annealing in ambient air has also been tried successfully to recrystallize as-grown films to yield a low magnetic damping material useful for device fabrication.
RESULTS AND DISCUSSION:
Figure (3) shows the X-ray diffraction pattern of various YIG films deposited on (111) surface of GGG and annealed in oxygen and ambient air. In Figure 3 (a) we note that the as-grown film has no discernible YIG peaks. The θ-2θ profile only shows the (444) reflection of the substrate with slight asymmetry toward right, suggesting a poorly developed YIG phase. After annealing in oxygen at 800 o C for 30 minutes, additional features appear on both sides of the substrate peak. However, after 60 minutes of annealing, the YIG (444) peak with Laue oscillations indicating epitaxial growth emerges at the left side of the GGG (444) peak. We name the YIG sample annealed at 800 o C for 60 minutes in full oxygen as "Sample A" and tag the film peak as "A1" (see figure 3(a) ). The average elemental composition of the YIG film annealed at 800 o C for 60 minutes in full oxygen, quantified by the EDXS analysis is Y 3.4 Fe 4.6 O 12 .
In the second annealing approach, the samples were removed from deposition chamber and annealed in ambient air at 800 o C for time intervals of 30, 60, 120 and 240 minutes. The X-ray diffraction profile of these samples are shown in figure 3(b) . After annealing in air at 800 o C for 30 minutes, the same features can be spotted on both sides of the substrate peak, as seen in 30 mins oxygen annealed sample. The ambient air annealing for 60 minutes results in a broad YIG (444) peak with no Laue oscillations. Further increment in annealing time to 120 minutes, yields another film peak at the right side of the substrate peak. These features are enhanced further on annealing for 240 minutes.
We have labelled this as "sample F" and have marked the film peak at left and right to the substrate peak as "F1" and "F2" respectively (see figure 3(b) ). In order to find out the origin of these two peaks, we have calculated the d-spacing corresponding to F1 and F2, which are 0.181 nm and 0.178 nm respectively. It is important to note that the d-spacing for F2 peak is close to the d444 of bulk YIG (0.179 nm). This observation suggest that the air annealed film has a bilayer structure whose top layer is fully relaxed with d-spacing that of bulk YIG and the bottom layer is highly strained by the substrate thus contributing to peak F1. A similar observation has been made by Mino et al. 28 in cerium doped YIG films deposited on GGG(111) using the conventional RF sputtering technique. They found that the upper layer has almost cubic structure while the lower layer is largely distorted. Eva et al. 29 have also grown YIG on GGG substrates and the films were annealed at 800 o C in 1.5 mbar O2 atmosphere followed by slow cooling (1 o C/min). They observed decay in the MagnetoOptic Polar Kerr rotation (PKR) amplitudes and attributed it to interface effects. They employed a model of YIG/GGG interface layer thickness but with an opposite sign of the YIG off-diagonal permittivity tensor element (ref. 29) . Further, the surface effects in chemical vapour deposited (CVD) YIG films on GGG substrates were investigated by Ramer and Wilts. 30 They used spin-wave resonance method on YIG films (~ 500nm), before and after annealed in dry O2 at 900 o C. Their results showed that the magnetic properties for the regions at the air/YIG and YIG/GGG interfaces are different from those of the bulk. In particular, the YIG/GGG interface region thickness increases with annealing. The effect was explained by the diffusion of Gd 3+ and Ga 3+ ions into YIG films and hence may produce layers with compensation points. [31] [32] [33] [34] In general, the post-deposition annealing treatment at 800 o C may cause moderate migration of Fe 3+ from the YIG film and Ga 3+ from the GGG substrate across the interface.
Further, the X-ray diffraction ω scans were taken on sample A and Sample F (not shown here). The full width at half maximum (FWHM) of ω comes out to be 0. (420) and (400) planes of the YIG film and GGG substrate for sample A and sample F respectively. The peaks for layer and substrate are indistinguishable due to epitaxial growth.
The differences in the thermal expansion coefficients of the film and substrate combined with thermal cycling during growth and annealing tend to generate non-zero stress in the films. 35, 36 The average biaxial stress in a film can be quickly determined from d vs. sin 2 ψ linear fit. The θ-2θ diffraction scan was performed over different planes of the sample by side angle ψ tilt. The elastic strain of crystal lattice causes shift in the diffraction peak positions which can be detected for each ψ tilt. The strain in crystalline films can be defined as the difference in d-spacing of stressed and unstressed lattice. We performed residual stress measurement on sample A and sample F by using multiple tilt " 2 " technique. [25] [26] [27] Panalytical X'Pert Pro fourcircle diffractometer was used to measure the stress in both the samples. The strain formula used to derive the fundamental X-ray residual stress equation is given below. 28, 37, 38 We've used these values to calculate the stress in both the post-treated samples. The elastic modulus E reported by references 38 and 39 are 192.61 GPa 38 and 206 GPa 39 respectively. The elastic Modulus for the third cycle of thermal shock for YIG specimen saturates at a value of ~ 191 GPa. 40 We set an upper and lower bound for Poisson's ratio ν as 0.277 and 0.29 respectively. Similarly, for elastic modulus E, the upper and lower bounds were set in a range from 190 to 210 GPa. The stress was calculated by fitting (dψφ -d0)/d0 vs. sin 2 ψ linearly.
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The calculated stress value for oxygen annealed YIG film is -2.157 GPa. Whereas, for air annealed YIG's F1 and F2 layers are -2.983 GPa and -0.843 GPa respectively. The negative sign here indicates a state of compressive stress in both the samples.
Since the strain in a film relaxed with increasing thickness, and the thickness of the oxygen annealed sample (200 nm) is larger than the thickness of the lower layer (F1) of air annealed sample, the measured stress value for the oxygen annealed sample A is less compare to air annealed sample's lower layer (F1). Whereas, the upper layer (F2) in air annealed sample has almost negligible stress which suggests complete relaxation of the layer to cubic structure. This measurement further confirms the double layer structure with a largely distorted YIG layer in between GGG substrate and a relaxed top YIG layer in air annealed samples. We have measured the magnetization of wellcrystallized powders and pellets of YIG at room temperature as function of applied magnetic field.
These data are presented in fig. 7(a) . A magnified view of the data near origin is shown in the inset, from which we extract the value of coercive field (HC) 14 have reported the saturation magnetization (Ms) of reactive RF magnetron sputtered YIG/GGG(111) post-annealed sample at 850 o C as ~ 1.30 kG and coercivity less than 5 Oe, whereas in our oxygen annealed sample these are 1.63 kG and ~ 1.12 Oe respectively. Saturation magnetization of PLD grown YIG/GGG(111) sample, annealed at 1000 o C in 1 atm oxygen is 2 μB/f.u., 22 which is less compare to 3.31 μB/f.u. for oxygen annealed sample at 800 o C in our report. Dorsey et al. 41 have reported magnetization measurements on the YIG film pulsed laser deposited on GGG(111) substrate at 750 o C and then cooled in ~1 atm oxygen partial pressure. While their magnetization (1.75 kG) is marginally higher than the value (1.63 kG) for our oxygen annealed sample (sample A) but the minimum coercivity they achieved is ~5 Oe which is much larger than 1.12 Oe in our sample. Further, a saturation magnetization of ~3 μB/f.u. and coercivity (HC) of 47Oe of PLD grown YIG/GGG(111) was reported by Krockenberger et al. 23 One more report 19 on PLD grown YIG films on GGG(111) lists MS = 1.25 kG and HC ~ 1Oe.
We can also calculate the stress-induced magnetic anisotropy field as these pseudomorphic films are coherently strained. The uniaxial anisotropy constant is given by = + + , where is stress-induced anisotropy constant, is cubic anisotropy constant and is growth-induced anisotropy constant. Among them, the stressinduced anisotropy is the main contributing term to the total anisotropy for PLD-grown films. [42] [43] [44] The stress-induced magnetic anisotropy along the <111> direction of cubic crystals is described as ~ = −3/2 111 || and the stress-induced magnetic anisotropy field as = −3 111 || / . 36, 42, 45 Where, || , 111 and are the in-plane stress, magnetostriction constant and saturation magnetization, respectively. The reported 111 value for epitaxial YIG/GGG(111) sample is −1.7 × 10 −6 . 46 As, the ambient air annealed sample has a very thin strained layer at the interface and a thick relaxed top layer. We can assume that the contribution to magnetization is merely due to this bulk like relaxed YIG layer and hence can take a magnetostriction constant value 111 = −3.0 × 10 −6 of bulk. 
CONCLUSIONS:
In summary, we have observed that the PLD as-grown films of YIG on (111) GGG crystals at 800 o C in 4E-2 mbar O2 pressure are poorly crystalline and dark brown in physical appearance. The post-deposition annealing, both in full oxygen and in ambient air, recrystallizes these films. The high rate of cooling (10 o C/min) after ambient air annealing promotes epitaxial growth, whereas the slow cooling (2 o C/min) induces a double layer structure. This latter class of films show Laue oscillations in the X-ray diffraction pattern, a highly textured pole-figure and very low values of FWHM of ω scans. Our structure analysis suggests these equilibrium single crystal like features originate from the top layer, which is much thicker. The saturation magnetization of the oxygen annealed sample is marginally higher than that of the air annealed sample, but both are comparable to bulk value (~ 3 μB/f.u.) for YIG. However, the air 8 * e-mail: rcb@iitk.ac.in annealed sample has a very low HC (~ 0.12 Oe) compare to the HC of the oxygen annealed sample (~ 1.1 Oe). Reciprocal space mapping in symmetric and asymmetric directions for both types of films show that in-plane lattice of the YIG film is locked to the in-plane lattice of the substrate, indicating epitaxial growth. This locking with substrate breaks the cubic symmetry by introducing tetragonal distortion that generates strain in the film. The stress calculation by sin 2 ψ technique yielded qualitative information on the residual stress in both the samples. Our studies have shown that optimization of post-deposition annealing protocols is necessary to achieve high quality thin epitaxial films of this technologically important ferrimagnet.
